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Hyperoxia-induced injury to the developing lung, impaired alveolarization, and dysregulated vascularization are critical factors in the pathogenesis of bronchopulmonary dysplasia (BPD) (1, 2); however, mechanisms for hyperoxia (HYP)-induced development of BPD are not fully known. After hyperoxia-induced acute lung injury (HALI) or mechanical ventilation during premature birth, damage-associated molecular patterns are released from necrotic cells and recognized by pattern recognition receptors that include Toll-like receptors and nucleotidebinding oligomerization domain-like receptors (3) (4) (5) . The activation of these molecules has been recognized as a modulator of inflammation and decreased alveolarization in a mouse model of BPD (3) as well as in preterm infants (3) . In recent years, a new family of the innate immune receptor has been identifiedknown as triggering receptors expressed on myeloid cells (TREMs)-that have been shown to modulate immune response because of their ability to amplify or decrease the signals induced by Toll-like receptors and nucleotide-binding oligomerization domain-like receptors (6, 7) . However, the role of TREM-1 in neonatal HALI and its contribution to the development of BPD is not known.
Our overarching hypothesis is that TREM-1 expression is required for limiting lung inflammation, alveolar injury, and survival in HYP. We report that TREM-1 expression is increased in the lungs of HYP-exposed neonatal mice as well as human neonates with respiratory distress syndrome (RDS) and BPD as an adaptive survival response. In HYP-exposed neonatal mice, we observed that deletion of the Trem1 gene in mice leads to increased lung inflammation, alveolar damage, and mortality. We further observed that increased lung inflammation is associated with enhanced necroptosis-regulating protein RIPK3 (receptor-interacting protein kinase 3)-mediated necroptosis and NLRP3 (nucleotide-binding oligomerization domain-like receptor containing pyrin domain 3) inflammasome activation in the lungs of HYP-exposed neonatal mice and human neonates with RDS and BPD. We next tested whether TREM-1 confers protection to HYP-exposed neonatal mice by blocking necroptosis-regulating protein RIPK3-mediated necroptosis and NLRP3 inflammasome activation. The treatment of HYP-exposed neonatal mice with agonistic TREM-1 antibody decreased NLRP3 inflammasome activation, improved alveolarization, and was associated with diminished RIPK3-mediated necroptosis in the lungs of neonatal mice. We show that, mechanistically, TREM-1 alleviates pulmonary inflammation and alveolar injury by downregulating RIPK3-mediated necroptosis and NLRP3 inflammasome activation through induction of vascular endothelial growth factor A (VEGF-A) and augmenting angiopoietin 1 (Ang1) expression in lungs of HYP-exposed neonatal mice. Taken together, our data show that activating TREM-1, enhancing Ang1 signaling, or blocking RIPK3-mediated necroptosis may represent novel therapeutic targets for HALI and BPD in neonates.
Methods
Please refer to the data supplement for details regarding the materials and methods used in this work.
Human Lung Tracheal Aspirates
The collection and processing of the lung tracheal aspirates (TA) from premature infants being mechanically ventilated in the first postnatal week with an indwelling endotracheal tube were approved by the human investigation committee (institutional review board) of Yale University, and was done after obtaining consent was obtained from one or both parents (V.B.). Selected clinical details are provided in Table E1 in the data supplement.
Animals
All breeding pairs of the wild-type (WT) laboratory mice of the C57BL/6J strain were purchased from The Jackson Laboratory, and breeding pairs of mice with targeted deletion of TREM-1/3 and RIPK3 genes on a C57BL/6J background were obtained from Genentech. These null mutant mice have been characterized previously (8, 9) . All mice were housed and bred in Drexel University animal care facilities and allowed free access to standard food and water. All animal protocols were reviewed and approved by the institutional animal care and use committees of Drexel University before any studies were performed.
Neonatal Mouse Model of HALI
Newborn mice were used in all studies, and litter sizes for each experiment were adjusted to 8-10 pups per treatment group to minimize the effects of differences in nutrition on lung development. For the HALI model, newborn WT, TREM-1/3 2/2 , and RIPK3
2/2 mice were exposed to either room air (RA; 21% O 2 ) or HYP (60% O 2 ) continuously from Postnatal Days 1-7 (PN1-PN7) as previously described (10) .
Immunohistochemistry in Human Neonatal Lungs
See the SUPPLEMENTAL METHODS section in the data supplement for details.
Analysis of BAL Fluid
BAL was performed as described previously (11) .
Alveolar Macrophage Preparation from BAL Fluid
Cell Culture and Reagents
Murine macrophage-like RAW 264.7 cells (TIB-71; American Type Culture Collection) were exposed to HYP in sealed, humidified chambers flushed with 85% O 2 /5% CO 2 at 37 8 C as previously described (10) . After experimental time points, cells were scraped off with a sterile cell scraper and stored in RNAlater stabilization solution (Thermo Fisher Scientific) for RNA isolation and cell lysis buffer for Western blot analysis.
ELISA
Cytokines (TNF-a, IL-6, and IL-1b) and lung myeloperoxidase concentrations were quantified using commercially available DuoSet ELISA kits (R&D Systems) according to the manufacturer's instructions, as previously described (12) .
Western Blot Analysis
Western blot analysis was performed as described previously (13) .
Clinical Relevance
Hyperoxia-induced inflammation and alveolar damage are critical contributors to hyperoxia-induced acute lung injury (HALI) and the development of bronchopulmonary dysplasia (BPD), the mechanisms of which have not been fully characterized. RIPK3 (receptorinteracting protein kinase 3)-mediated necroptosis has been identified in several lung diseases, such as acute respiratory distress syndrome, chronic obstructive pulmonary disease, and sepsis. We show that TREM-1 (triggering receptor expressed on myeloid cells 1) functions by attenuating necroptosis and NLRP3 (nucleotide-binding oligomerization domain-like receptor containing pyrin domain 3) inflammation in neonatal lungs exposed to hyperoxia, and we identify TREM-1, angiopoietin 1, and RIPK3 as potential therapeutic targets for the treatment of neonatal HALI and BPD. We show that activating TREM-1, enhancing angiopoietin 1 signaling, and/or blocking the RIPK3-mediated necroptosis pathway may act as new therapeutic interventions to control the adverse effects of HALI in the development of BPD.
Lung Morphometric Analysis
At PN7, six or seven random images per lung and six lungs per experimental group were characterized for measuring lung morphometric analysis (Image-Pro Plus 4.0; Media Cybernetics). Alveolar size was estimated from the mean chord length of the airspace and radial alveolar count, as described previously (10) .
Intranasal Delivery of TREM-1 siRNA TREM-1 siRNA was procured from Ambion and reconstituted to 20 mM, following the manufacturer's instructions. Briefly, pups were exposed to 60% O 2 immediately after birth following the protocol, as described by Sun and colleagues (14) .
RNA Extraction and PCR
Real-time and reverse transcriptase PCRs were performed as described previously (1, 15) .
Statistical Analysis
Statistical analysis was performed using Prism 7.0 software (GraphPad Software). Two-group comparisons were analyzed by unpaired Student's t test, and multiplegroup comparisons were performed using one-way ANOVA followed by Tukey's post hoc analysis. Statistical significance was achieved with P , 0.05.
Results

HYP Induces TREM-1 Expression Localized to Alveolar Macrophages in Neonatal Murine Lungs
To determine the contribution of TREM-1 to HALI, we first examined the expression of TREM-1 and its localization in the lung compartments of RA (21% O 2 )-or HYP (60% O 2 )-exposed neonatal mice. We selected 60% O 2 , as opposed to 80-100% O 2 , to more closely mimic the supplemental O 2 exposure as currently used for human neonates, predisposing them to developing the more common moderate BPD versus the severe BPD phenotype (16) . As shown in Figures 1A and 1B , the transcript and protein expression of TREM-1 was significantly higher in the lungs of HYPexposed neonatal mice than in RA-exposed littermates at PN7. To evaluate the constitutive presence of TREM-1 within the pulmonary compartment, cells from BAL fluid (BALF) and lungs were collected from RA-or HYP-exposed neonatal mice at PN7 for flow cytometric or confocal microscopic analysis, respectively. As shown in Figures E1A and E1B, the expression of TREM-1 on alveolar macrophages (AM) (CD11c-positive cells) was higher in cells isolated from BALF as well as in lung tissue of HYP-exposed neonatal mice than in the RA group. We saw minimal colocalization with endothelial cells for TREM-1 in neonatal murine lungs ( Figure E1B ).
To further confirm the induction and localization of TREM-1 by AM, we isolated AM from BALF of RA-and HYP-exposed neonatal mice at PN7 and measured transcript and protein expression of TREM-1 concentrations. As shown in Figures 1C and 1D , the transcript and protein expression of TREM-1 was significantly higher in AM isolated from neonatal mice exposed to HYP than in the RA group. To corroborate these in vivo findings, we exposed murine macrophagelike RAW 264.7 cells to RA or HYP for various times and measured the transcript and protein concentrations of TREM-1. As shown in Figures 1E and 1F , transcript concentrations of TREM-1 were elevated in a time-dependent manner in murine macrophage-like RAW 264.7 cells exposed to HYP. Taken together, these results suggest that TREM-1 expression is enhanced in response to HYP and is localized to AM in the developing lung.
TREM-1 Expression Is Upregulated in Human Neonatal Lungs with RDS and BPD
To ascertain the relevant potential functional role of TREM-1 in the development of BPD, we assessed the relative expression of TREM-1 in the TA and lung tissues of human neonates with RDS and BPD. We found that the transcript concentration of TREM-1 was significantly higher in the TA of infants who subsequently developed BPD/died than in those who did not develop BPD ( Figure 1G ). The detailed characterizations of enrolled infants are shown in Table E1 . We next measured TREM-1 protein concentration in the lungs of human neonates at various stages of BPD development. We found that the protein concentration of TREM-1 was significantly higher in lungs of neonates with RDS and BPD than in term control babies ( Figure 1H ). The detailed characterization of this second independent cohort of enrolled infants is shown in Table  E2 . Finally, we confirmed the increased concentration of TREM-1 in lungs of neonates with RDS and BPD by immunohistochemical staining in a third independent cohort of human neonatal lungs with RDS and BPD ( Figure 1I ). The detailed characterization of enrolled infants is shown in Table E3 . Altogether, these data from HYP-exposed neonatal laboratory mice and three independent cohorts of human lung samples from neonates with RDS and BPD confirmed that TREM-1 is induced during HYP exposure in the developing lung. To evaluate the functional role of TREM-1 in the outcome of pulmonary alveolar injury and mortality in HYPexposed neonatal mice, we first studied loss of function of TREM-1 using a siRNA approach to inhibit TREM-1 function or to completely abolish TREM-1 function using TREM-1/3-deficient mice. We selected TREM-1/3-deficient mice because previous studies have shown that TREM-1 lies adjacent to the TREM-3 gene and that these two genes are likely to have complementary functions (8) . In addition, TREM-3 is a pseudogene in humans; hence, TREM-1/3-deficient mice would reflect the lack of functionality of TREM-1 in humans (8) . As shown in Figure 2A , TREM-1 transcript concentrations were significantly decreased (75%) in the lungs of neonatal mice treated with TREM-1 siRNA compared with the scrambled siRNA-treated group. We next determined the effect of TREM-1 silencing in HYP-exposed neonatal mice. Surprisingly, we found that inhibition of TREM-1 led to enhanced lung inflammation as manifested by increased neutrophil recruitment ( Figure 2B ) and inflammatory cytokine IL-1b ( Figure 2C ) in the lungs of neonatal mice exposed to HYP. This increased lung inflammation was also allied with impaired alveolarization as demonstrated by increased chord length ( Figures 2D and 2E ) and decreased radial alveolar count ( Figure 2F ) in the lungs of TREM-1 siRNA mice exposed to HYP. These detrimental effects of TREM-1 inhibition were concomitant with decreased vascularization (Figure 2G To finally confirm the loss of function of TREM-1 in pulmonary inflammation and alveolar damage and the survival response to HYP, we challenged newborn TREM-1/3-deficient and control WT mice to HYP or RA until PN7. Similarly to the results of TREM-1 siRNA-treated mice exposed to HYP, we found that TREM-1/3-deficient neonatal mice also showed enhanced neutrophil recruitment ( Figure 2I ) and myeloperoxidase concentrations ( Figure 2J ) in the lungs. In addition, we noted robust lung inflammation as manifested by increased inflammatory cytokines IL-6 and IL-1b ( Figures 2K and 2L) , increased alveolar damage as demonstrated by enhanced chord length, decreased radial alveolar count (Figures 2M-2O), and increased mortality in HYP-exposed TREM-1/3-deficient neonatal mice ( Figure 2P ). Importantly, we did not detect any changes in lung morphometry, inflammation, and mortality in TREM-1/3-deficient neonatal mice exposed to RA as compared with WT littermates. These results suggest that enhanced TREM-1 expression may be essential for protecting the developing lung against HYP-induced lung inflammation, alveolar injury, and survival during HYP.
TREM-1 Activation Decreases Lung Inflammation and Alveolar Injury in HYP-exposed Neonatal Mice
Because we found that the inhibition of TREM-1 expression in lungs led to increased lung inflammation, alveolar injury, and mortality in HYP-exposed neonatal mice, we reasoned that augmenting pulmonary TREM-1 expression would attenuate pulmonary alveolar injury and improve survival. To test this hypothesis, we treated HYP-or RA-exposed neonatal mice with the TREM-1 agonist antibody by subcutaneous injection on alternate days starting at PN2 and continuing through PN6. The control group was treated similarly with an isotype antibody. Consistent with the known agonistic activity of TREM-1 antibody (17, 18), we found that augmentation of TREM-1 in HYPexposed neonatal mice led to decreased neutrophil recruitment ( Figure 3A ) and myeloperoxidase concentrations ( Figure 3B ) and reduced lung inflammation as demonstrated by decreased concentrations of proinflammatory cytokines IL-6 and IL-1b in the lungs ( Figures 3C and 3D ), as well as improved alveolarization as manifested by decreased chord length and increased radial alveolar count ( Figures 3E-3G ). Furthermore, these improvements in lung alveolarization were also accompanied by decreased staining of 8-oxo-29-deoxyguanosine in the lung ( Figure E3 ). Notably, we did not detect any changes in lung morphometry and inflammation in the RA groups of neonatal mice treated with TREM-1 agonist or isotype antibodies. Collectively, these results suggest that stimulating TREM-1 activation using the TREM-1 agonist antibody protects against HALI through reduction of lung inflammation.
Previously, TREM-1 has been shown to be crucial for modulating macrophage polarization (19, 20) . We reasoned that TREM-1 activation may also polarize macrophages to the M2 phenotype to result in a protective response in the lung during HYP. Consistent with this hypothesis, we found that TREM-1 activation polarizes macrophages to the M2 phenotype as manifested by increased concentrations of M2 markers (Ym1, KLF-4, and arginine 1) and decreased expression of M1 markers (inducible nitric oxide synthase, IL-6, and Ccl2) in whole lungs and AM ( Figures 3H-3K ). These data suggest that TREM-1 activation is required to resolve lung inflammation and injury during HYP exposure in the developing lung. Recently, it has been reported that the NLRP3 inflammasome, a key mediator of inflammation, is activated in the lungs of neonatal mice (3) and rats (21) exposed to HYP and in the TA of preterm infants with respiratory failure (3). Consistent with these previous findings, we detected an increased expression of NLRP3 inflammasome markers-NLRP3, caspase 1, and IL-1b-in human neonatal lungs at various stages of BPD development ( Figure 4A ) and in the lungs of neonatal mice exposed to HYP ( Figure E4 ). These results further strengthen the involvement of NLRP3 inflammasomal activation in the development of BPD; however, the mechanisms for NLRP3 inflammasome activation are not known.
We have previously shown that the HMGB1 (high-mobility group box 1) protein, which is released from necrotic cells, is higher in TA from premature infants who develop BPD (22) , and now we have confirmed our earlier result with the increased HMGB1 concentrations in the lungs of human infants developing BPD ( Figure 4B ). These findings suggest that lung necroptosis may have a crucial role in the development of BPD. Necroptosis, a form of programmed necrotic cell death, amplifies NLRP3 inflammasome activation (23, 24) and has been shown to play a critical role in lung diseases such as adult respiratory distress syndrome (ARDS) (4, (25) (26) (27) , chronic obstructive pulmonary disease (COPD) (28) , and sepsis (29, 30) . We reasoned that increased NLRP3 inflammasome activation might also be functionally related to increased necroptosis in the lungs of human infants developing BPD and neonatal mice exposed to HYP. To test this possibility, we first verified the expression and activation of RIPK3, a regulator protein in the necroptosis pathway in human lungs of neonates with RDS and BPD and in the lungs of neonatal mice exposed to HYP. As shown in Figure 4B , phosphorylation of RIPK3 was significantly increased in human neonatal lungs at various stages of BPD development. Consistent with increased RIPK3 activation in human Data are expressed as mean 6 SEM. *P , 0.05, **P < 0.01, and ***P < 0.001 by Student's unpaired t test and one-way ANOVA followed by Tukey's post hoc analysis. HYP = hyperoxia; RA = room air. neonatal lungs at various stages of BPD, neonatal mice exposed to HYP also showed increased activation of RIPK3 in the lungs ( Figure E5 ). To further explore the involvement of RIPK3-mediated necroptosis, we measured MLKL (mixed lineage kinase domain-like protein), a downstream substrate of RIPK3 that is necessary for RIPK3 kinase activity to execute necroptosis (3, 23) . We found increased phosphorylation of MLKL in the lungs of human infants with RDS and BPD ( Figure 4B ), as well as in the lungs of neonatal mice exposed to HYP ( Figure E5 ). Collectively, these results from human infants with RDS/BPD and HYP-exposed neonatal mice suggest that lung necroptosis during HYP may be involved in the activation of the NLRP3 inflammasome in the neonatal lung.
Inhibition or Deletion of RIPK3 Reduces Necroptosis and NLRP3 Inflammasome Activation
Next, we examined the functional relationship between RIPK3-mediated necroptosis and NLRP3 inflammasome activation using pharmacological or molecular approaches. We repressed RIPK3 activity using the RIPK3 inhibitor GW440139B (0.5 mM) (also known as GW939B), which disrupts the RIPK3-MKLKL complex and inhibits necroptosis (31), and we also used RIPK3-specific null mutant mice to confirm the role of RIPK3-mediated necroptosis in NLRP3 inflammasome activation. We found that RIPK3 inhibitor GW939B significantly decreased phosphorylation of MLKL, which is required for executing necroptosis ( Figure 5A ). This decreased lung necroptosis was also associated with diminished NLRP3 inflammasome activation, as manifested by decreased NLRP3, activated caspase 1, and IL-1b expression in lungs of HYP-exposed neonatal mice ( Figure 5B ), suggesting that necroptotic cell death during HYP mediates NLRP3 inflammasome activation in the lung. We next examined whether inhibition of RIPK3 also ameliorated pulmonary inflammation and alveolar injury in HYP-exposed neonatal mice. As shown in Figures 5C-5F , RIPK3 inhibition attenuated lung inflammation, as measured by decreased neutrophil recruitment; myeloperoxidase; and concentrations of proinflammatory cytokines TNF-a, IL-6, and IL-1b in the lungs. This reduction in lung inflammation was associated with a marked reduction in pulmonary alveolar injury, as manifested by improved alveolarization (decreased chord length and increased radial alveolar count), compared with the HYP group not receiving any treatment ( Figures 5G, 5H, and E6) .
Similar to the results of RIPK3 inhibitor GW939B, the RIPK3 null mutant mice also showed robust protection against HYP-induced acute lung inflammation and alveolar injury by reducing lung necroptosis and NLRP3 inflammasome activation (Figures 5I-5R) . Altogether, these findings indicate that suppression of RIPK3 expression by an RIPK3 inhibitor or genetic deletion of RIPK3 reduces lung inflammation and attenuates pulmonary alveolar damage in HYP-exposed neonatal mice through inhibition of NLRP3 inflammasome activation.
TREM-1 Deletion Is Associated with Increased Lung Necroptosis and NLRP3 Inflammasome Activation
Because we found that TREM-1 inhibition induced lung inflammation in HYP-exposed neonatal mice, we reasoned that TREM-1 may be involved in lung necroptosis and NLRP3 inflammasome activation. To test this hypothesis, we examined the markers for RIPK3-mediated necroptosis and NLRP3 inflammasome activation in TREM-1/3-deficient mice exposed to HYP and compared them with WT littermates. As shown in Figure E7A , activated forms of RIPK3 and its downstream substrate phosphorylation of MLKL are increased in the lungs of TREM-1/3-deficient neonatal mice exposed to HYP as compared with WT neonatal mice. This increased RIPK3-mediated necroptosis is also associated with increased NLRP3 inflammasome activation in TREM-1/3-deficient neonatal mice ( Figure E7B ), suggesting that TREM-1 may be involved in the regulation of RIPK3-mediated lung necroptosis during HYP exposure in neonates.
TREM-1 Activation Suppresses RIPK3-mediated Necroptosis through Induction of Ang1 Expression
Finally, to address whether diminution of lung inflammation and alveolar injury by TREM-1 activation is arbitrated through the suppression of RIPK3-mediated necroptosis, we treated HYP-exposed neonatal mice with the TREM-1 agonist antibody and measured HMGB1, RIPK3, and its downstream protein MLKL. We found that TREM-1 agonist antibody reduced HMGB1 expression and RIPK3-mediated necroptosis as manifested by decreased expression of RIPK3 and its downstream protein phosphorylated MLKL in the whole lung as well as in macrophages isolated at PN7 and exposed to HYP in culture ( Figures 6A-6D ). This decrease in lung necroptosis is also associated with a significant decrease NLRP3 inflammasome activation, as demonstrated by diminished expression of inflammasome markers NLRP3, active caspase 1, and IL-1b in the lungs of neonatal mice treated with TREM-1 agonist antibody ( Figure 6B ).
Given the fact that TREM-1 is also found in endothelial cells, we decided to investigate if there was a role for angiogenic agents in this pathway. We found that decreased lung necroptosis was also associated with increased expression of Ang1 and decreased expression of Ang2 proteins ( Figures 6C  and 6D ), suggesting that TREM-1 may show attenuation of necroptosis through activation of Ang1.
To investigate whether Ang1 expression is directly involved in the Measurements were taken at 310 magnification. (P) Hyperoxia caused increased mortality in TREM-1/3-deficient neonatal mice. All the data are expressed as mean 6 SEM with n = 10-12 animals per group. *P , 0.05, **P , 0.01, and ***P , 0.001 by Student's unpaired t test and one-way ANOVA followed by Tukey's post hoc analysis. BALF = BAL fluid. repression of RIPK3 activity, we treated TREM-1/3-deficient mice with recombinant Ang1 during HYP and measured RIPK3-mediated necroptosis and Ang protein expression in the lung. As expected, we found that administration of recombinant Ang1 caused significantly increased Ang1 protein concentrations, enhanced expression of VEGF-A and Tie2 (receptor for Ang1 and Ang2), and decreased concentration of Ang2 in the lungs of TREM-1/3-deficient mice ( Figure 7A ). These changes in Ang protein expression were associated with decreased expression of RIPK3 and its downstream substrate MLKL activation in the lungs of TREM-1/3-deficient mice ( Figure 7B ). We and others have previously shown that increased Ang2, an antagonist of Ang1, causes necrosis upon HYP exposure in developing and adult murine lungs (32, 33) . Taken together, our results suggest that TREM-1 may regulate RIPK3-mediated necroptosis in part through the VEGF-A-mediated Ang1/2 signaling pathway in HALI ( Figure 7C ).
Discussion
TREM-1 has been reported as an amplifier of the inflammatory response to bacterial infection and sepsis (7, 34, 35) . Several previous studies have shown that treatment with TREM-1 inhibitors can act as a therapeutic strategy to prevent excessive All the data are expressed as mean 6 SEM. *P , 0.05, **P , 0.01, and ***P , 0.001. Statistical significance was assessed using one-way ANOVA followed by Tukey's post hoc analysis. p-MLKL = phosphorylated MLKL. (34, 35) and mortality (19, 36) . In contrast, other studies have recognized TREM-1 as a survival factor for the host against bacterial infection and sepsis (8) . For example, it has been demonstrated that deletion of the TREM-1/3 genes in mice leads to increased local as well as systemic cytokine production and enhanced mortality during polymicrobially induced sepsis (36, 37) . These results suggest that TREM-1 has a sundry role in inflammation and infection, and further investigation is required to explore the functional role of TREM-1 in various diseases. In the present study, we explored a new role of TREM-1 in HYP-induced pulmonary alveolar injury and its consequence in the development of BPD. We demonstrated, for the first time, to our knowledge, that TREM-1 expression is increased in the lungs of neonatal mice and human neonates with RDS and BPD in HYP as an adaptive response to protect the lung from oxygen-and/or ventilationinduced injury. This is evident based on our finding that silencing TREM-1 expression in lungs or genetic deletion of TREM-1 in mice led to increased pulmonary alveolar injury and mortality after exposure to HYP. Furthermore, we observed that augmentation of TREM-1 expression in neonatal murine lungs reduced inflammation and pulmonary alveolar injury and was associated with decreased NLRP3 inflammasome activation and RIPK3-mediated necroptosis. Previously, it was reported that TREM-1/3-deficient adult mice infected with Pseudomonas aeruginosa showed a markedly increased mortality; however, decreased neutrophil recruitment to the lungs after P. aeruginosa challenge was found (8) . We report that in the present study, TREM-1/3-deficient neonatal mice have increased neutrophil recruitment during HYP. This discrepancy in results may be due to different stages of lung development/ages of mice (neonate vs. adult) and/or mode of injury (HYP vs. bacterial infection) that we used in our study.
There are certain limitations to our studies. We used an immortalized macrophage cell line derived from the peritoneum of BALB/c mice for some of our studies, which may not completely reflect the monocyte/macrophage response in the pulmonary compartment. In addition, the number of clinical samples was quite small, with only three controls.
Whether macrophage or endothelial TREM-1 is more important would be difficult to answer without conducting studies with cell-specific knockouts, which was beyond the scope of the present study. However, targeted deletion of endothelial TREM-1 did protect in an adult sepsis (cecal ligation and puncture) model (38) . Ang1 and Ang2 are known to be produced by airway and lung epithelial cells (33, 39) . The Tie2 receptor (receptor for Ang1 and Ang2) was present in a subset of human and murine circulating monocytes/ macrophages in a previous study (40) . The expression of multiple chemokines and cytokines was enhanced in the presence of Ang1 and Ang2 via Tie2 activation of JAK/STAT (Janus kinase/signal transducer and activator of transcription) signaling. The authors of that study concluded that a general role for Tie2 exists in cooperatively promoting the inflammatory activation of macrophages, independently of the polarization state (40) . In another study, Ang1 was found to functionally bind to and stimulate monocytes via p38 and Erk1/2 (extracellular signal-regulated kinases 1/2) phosphorylation. Ang1 switched macrophage differentiation toward a proinflammatory phenotype, even in the presence of an antiinflammatory mediator. These findings suggest that Ang1 plays a role in stimulating proinflammatory responses (41) . We observed minimal colocalization of TREM-1 with endothelium in neonatal mouse lungs ( Figure E1C ). It is important to point out that cell-specific roles of TREM-1 need to be tested in a developmentally appropriate disease context and should not be extrapolated from in vitro or adult in vivo studies.
RIPK3-mediated necroptosis has been identified in several lung diseases, such as ARDS (4, (25) (26) (27) , COPD (28) , and sepsis (29, 30) . We now add neonatal HALI and BPD to this list and identify TREM-1, Ang1, and RIPK3 as potential therapeutic targets for the treatment of these lifethreatening disorders. In the present study, we reveal that necroptosis-regulating protein RIPK3 and its downstream substrate MLKL concentrations were higher in the lungs of human infants with RDS, evolving BPD, and established BPD, as well as in lungs of neonatal mice exposed to HYP, suggesting the essential role of necroptosis in HALI and the development of BPD. Furthermore, using both genetic and drug-based approaches, we revealed a decisive role of RIPK3 in HALI in neonatal mice. Our mechanistic data showed that RIPK3 inhibitor GW939B-or RIPK3-deficient neonatal mice exposed to HYP showed decreased phosphorylation of MLKL and diminished necroptosis and NLRP3 inflammasome activation in the lung. These findings are similar to those of the recent studies of Wang and colleagues (27) and Mizumura and colleagues (28) , who showed that RIPK3-mediated necroptosis is a major mechanism for lung inflammation and injury in experimental models of ARDS and COPD. It is important to point out that although individual cytokine concentrations may not dramatically differ (even though the differences were statistically significant), in the context of the pulmonary compartment of a developing lung, and in concert with other inflammatory mediators, we believe that they would potentially be clinically 2/2 mice are protected against HYP-induced lung inflammation and alveolar damage in the lungs. Measurements were taken at 103 magnification. All the data are expressed as mean 6 SEM with n = 10-12 animals per group. *P , 0.05, **P , 0.01, and ***P , 0.001. Statistical significance was assessed using one-way ANOVA followed by Tukey's post hoc analysis. Scale bars: 200 mm. KO = knockout. Densitometric analysis is shown on the right. All the data are expressed as mean 6 SEM with n = 6-8 animals per group. For AM experiments, AMs were pooled together from three mice and repeated twice. *P , 0.05, **P , 0.01, and ***P , 0.001. Statistical significance was assessed using Student's unpaired t test and one-way ANOVA followed by Tukey's post hoc analysis. Densitometric analysis is shown to the right of the immunoblots. (C) Schematic illustration of the proposed sequence of events leading to hyperoxia-induced acute lung injury (HALI) and BPD after HYP exposure to developing lungs. TREM-1 alleviates pulmonary alveolar injury and inflammation through downregulating necroptosis protein RIPK3 and NLRP3 inflammasome activation in HYP-exposed developing lungs. All the data are expressed as mean 6 SEM with n = 6-8 animals per group. *P , 0.05, **P , 0.01, and ***P , 0.001. Statistical significance was assessed using Student's unpaired t test and one-way ANOVA followed by Tukey's post hoc analysis. Tie-2 = receptor for Ang1 and Ang2; VEGF = vascular endothelial growth factor.
relevant. Although our study is primarily focused on TREM1-mediated lung necroptosis in HALI, our group has previously shown TREM-1 as an antiapoptotic protein that prolongs macrophage survival by inducing Bcl-2 in an Egr2 (early growth response 2)-dependent manner in response to LPS exposure (19) . Another important finding of this study is that we illustrated, for the first time, to our knowledge, that the inflammation mediator NLRP3 inflammasome is regulated by RIPK3-mediated necroptosis in HALI in neonatal mice. Recently, the NLRP3 inflammasome has been shown to be activated in neonatal mice exposed to HYP (85% O 2 ) and in a preterm baboon model of BPD (3) . The blocking of NLRP3 inflammasome resulted in decreased lung inflammation and improved pulmonary alveolarization; however, the mechanism for NLRP3 inflammasome activation during HYP has not been explored. We showed that NLRP3 inflammasome activation may be due to increased necroptosis during HYP in neonatal mice. This is supported by our finding that RIPK3 inhibitor GW939B and genetic deletion of RIPK3 in mice are related to decreased NLRP3 inflammasome activation, caspase 1, and IL-1b in neonatal mice exposed to HYP. These results are further supported by several earlier studies showing that multiple damage-associated molecular patterns (HMGB1, histones, and mitochondrial DNA) released by necroptotic cells triggered sustained cytokine release and amplified the inflammatory response in diseases (22, (42) (43) (44) . Consistent with this line of evidence, we have also previously shown increased concentrations of HMGB1 in the TA of infants who developed BPD (22) , and now we show that there is an increase in HMGB1 and caspase 8 expression in the lungs of human infants with BPD as well as in neonatal mice exposed to HYP. Collectively, these data suggest that the activation of the NLRP3 inflammasome may be due to increased necroptosis in the lungs of infants exposed to invasive ventilation/HYP, which leads to the development of BPD.
Last, we demonstrated that the protection conferred by augmenting TREM-1 expression strongly suppressed the activity of RIPK3 and decreased the phosphorylation of its downstream substrate MLKL, which is required to execute necroptosis (45, 46) . Although TREM-1 has been known to be a pro-as well as antiinflammatory molecule that has contributed to its ability to exacerbate or mitigate inflammation in the lung, respectively, we explored a new function of TREM-1 that confers protection in HYPexposed neonatal mice through induction of Ang1 and suppression of Ang2 in neonatal mice treated with TREM-1 agonist antibody.
We have previously reported that Ang2 increases inflammation and necroptotic cell death during HYP in mice (32, 33) . These findings, together with the results of the present study, indicate that TREM-1 is a functionally important protein in the neonatal lung for improved alveolarization and survival in HYP. In the future, it will be important to clarify the precise mechanism by which TREM-1 regulates Ang1/Ang2 signaling in HALI and BPD in neonatal mice.
In summary, our results suggest that RIPK3-dependent necrosis is the common denominator between TREM-1 signaling and development of BPD as a consequence of HALI in neonatal mice. We conclude that TREM-1 functions by attenuating necroptosis and NLRP3 inflammation in neonatal murine lungs exposed to HYP, and we identify TREM-1, Ang1, and RIPK3 as potential therapeutic targets for the treatment of HALI and BPD in human preterm newborns. n
